ABSTRACT: This experiment investigated the effect of intraruminal infusion of propionic acid on ruminal VFA metabolism and the absorption of nutrients by the mesenteric-and portal-drained viscera of seven Friesian steers, average BW 127 kg, fed a dried grass-pellet diet. Each received by random allocation 0 (control), .5, or 1.0 mol of propionic acidd for 7 d. Ruminal acetate and propionate irreversible loss rates and carbon exchange between VFA and COz were measured during continuous intraruminal infusions of 2-I4C-acetic acid and 2-14C-propionic acid. Ruminal acetate irreversible loss rate was not affected by propionic acid infusion (overall mean 8.09, error mean square [EMS] 2.68 mol/d), whereas propionate irreversible loss increased incrementally with PA supply (3.22 vs 4.16, EMS .61 moVd, for control and 1.0 mol of propionic acidd, respectively, P = .09). Glucose irreversible loss rate was increased at the highest level of PA infusion (2.84, 2.83, and 3.22, EMS .06 moVd, for control, .5, and 1.0 mol of propionic acidd, respectively; P = .02 for control vs .5 + 1.01, although the proportion of glucose irreversible loss derived from propionate remained constant (. 6 1. Net absorption into venous blood showed that propionate was extensively metabolized in the rumen wall and that the tissues of the small intestine utilized acetate. Utilization of glucose was reduced in portal tissues as a result of intraruminal infusion, and the data were used to derive a model of glucose and lactate interrelationships in gut tissues.
Introduction
Tissues of the gastrointestinal tract play a central role in regulating the supply of nutrients to the liver and consequently influence the availability of nutrients for hepatic and peripheral use. Metabolism of nutrients absorbed from the gut lumen and from the arterial supply also influences the pattern of nutrients arriving at the liver (Bergman et al., 1970; Bergman and Wolff, 1971; Tagari and Bergman, 1978; . Energy consumption by the portal-drained viscera is extensive and may account for 25% of total body oxygen consumption (Huntington and Reynolds, J. h i m . Sci. 1994 Sci. . 72:1325 Sci. -1334 Sci. 1987 . Substrates available for oxidative metabolism include VFA produced in the rumen and large intestine and glucose and AA absorbed from the lumen in addition to arterial supply of these nutrients. The aim of this experiment was to investigate the effect of increased availability of propionate in the rumen on metabolism of ruminal VFA and on energy and nutrient metabolism by mesenteric-and portaldrained visceral tissues. Results from part of this experiment have been presented as abstracts (Seal et al., 1991; Parker, 1992, 1993) .
Materials and Methods
Seven Friesian steers weighing between 114 and 144 kg (average BW 127 kg) at the start of the experiment were used. Each had been fitted with a small ruminal fistula and chronic indwelling silastic catheters in the portal vein, mesenteric vein, and a carotid artery as previously described (Seal et al., 19921 , except that the mesenteric sampling catheter was sited distally to the venous drainage from the large intestine to prevent sampling of blood draining this region of the intestine together with that from the small intestinal tissues. Separate mesenteric infusion catheters were sited in the distal branch of the mesenteric vein to allow adequate mixing of infusates before sampling catheters (Seal and Reynolds, 1993) . All surgery was completed at least 3 wk before sampling commenced. The steers were housed in individual stalls with ad libitum access to drinking water and were fed a dried grass-pellet diet by continuous feeders in 24 equal lots throughout the day (gramskilogram DM total N, 31.0; crude fiber, 234; GE, 19.8 M J k g of DM) a t 2.8 g of DMkg BW, calculated on the basis of ME intake from ARC tables (1984) to give a 700 g/d weight gain. There were no feed refusals throughout the experiment. All steers received each treatment consisting of 7 d of continuous intraruminal infusions of 1.44 L of water (control), or the same volume containing either .5 or 1.0 mol of propionic acid/d. Steers were prepared in pairs and treatments were allocated in random order to each steer. One steer completed only one treatment period and has not been included in the analysis.
Infusions and Sampling Procedure. Ruminal acetate irreversible loss rate (IL) was measured for each propionic acid infusion during the last 6 h of a 16-h intraruminal infusion of 2-l4C-acetic acid ( .25 pCi-mL-l-rnin-', 1 mg of carrier acetic acid/mL). Whole-body glucose IL was determined on a separate occasion during each treatment period as described by . Ruminal propionate IL and contribution of propionate to gluconeogenesis was determined on a third sampling day in each period in five steers for control and 1.0 infusion rates only, using the procedures described by , except that intraruminal infusions of 2-14C-propionic acid were maintained for 16, not 12, h. During each of these infusions blood flow in the anterior mesenteric and portal veins was measured by downstream dye dilution using p-aminohippuric acid ( PAH; Katz and Bergman, 1969) infused into the distal mesenteric vein for the determination of net nutrient absorption rates across the gastrointestinal tract. In addition to ruminal fluid samples taken for the analysis of VFA specific activity during labeled VFA infusions, samples of ruminal fluid were taken into sealed vials for 14C02 specific activity determinations (Conway, 1947) . During each 7-d treatment period measurements of acetate, glucose, and propionate IL were made either on d 2, 4, and 6 or 3, 5, and 7, respectively, the starting day determined by random allocation for each steer and infusion period.
Analytical Methods
Ruminal Fluid Analysis. The VFA content of ruminal fluid was determined by GLC using GP 10% SP-1200/1% H3P04 on 80/100 Chromosorb W AW (Supelco, Bellefonte, PA). Acetate, propionate, and butyrate specific radioactivities were determined in VFA eluted from HPLC fractionation of deproteinized ruminal fluid using an Aminex HPX-87H ion exchange column ( 4 mm x 250 mm; Bio-Rad, Richmond, CA) at 55°C with 5 mM H2SO4 at a flow rate of .5 mWmin. Fractions of .5 mL from the column were mixed with 4.5 mL of liquid scintillant (LKB Optiphase "HiSafe" 11; Pharmacia LKB Biotechnology, Milton Keynes, U.K.) and counted on a Beckman LS 8100 Liquid Scintillation Counter (Beckman Instruments, Irvine, CAI. Counting efficiency was determined by the Hnumber method of quench monitoring, using the inflection point of the Compton edge with an external 137Cs source.
Analysis of Glucose and Lactate Specific Radioactivity. The radioactivity of blood glucose and lactate from 6-3H-glucose and glucose from 2-14C-propionic acid infusions was determined after separation of the metabolites using tandem ion-exchange-resin columns (Janes et al., 1985) . Lactate fractions were further purified by HPLC using the same procedure described for VFA to remove a 3H-labeled contaminant found to co-elute in the lactate fraction (Neely et al., 1990; Virkamaki et al., 1990) . Glucose and lactate in isolated fractions were determined enzymically as described below before liquid scintillation counting to determine the specific radioactivity (dpm/mg of C ) of each metabolite.
Blood Metabolites and p-Aminohippuric Acid. Glucose, lactate, and 3-OH-butyrate concentrations were determined enzymically using a Roche Cobas Mira Clinical Analyser (Roche Diagnostics, Welwyn Garden City, U.K.). The VFA were determined in the supernatant fraction from blood deproteinized with HC104 (whole blood: .6 M HC104, 1:1, vol/vol; 2.5 mM 3-methyl valeric acid internal standard). After neutralization of the supernatant with 2 M K2C03 and reacidification with 1 M H3P04, VFA concentrations were determined by GLC using a Nukol fused silica capillary column (Supelco). Plasma insulin concentrations were determined by specific radioimmunoassay by the method of Bassett and Thornburn (1971) as modified by Fuller et a1 (1977) .
Calculations. Ruminal acetate and propionate IL and glucose IL were determined by standard isotope techniques (White et al., 1969) using the appropriate ratio of isotope infusion rate and plateau VFA or glucose specific radioactivity. Exchange of carbon between metabolite pools was calculated by ratio of specific activities in secondary and primary metabolite pools (Leng et al., 1967) . Figure 1 shows typical plateau-specific radioactivities of VFA and C02 in ruminal fluid from one steer during infusion of 2-14C-acetic acid. Similar plateau conditions were established during 2-14C-propionic acid infusions. Transfer quotients calculated from intraruminal infusions of 2-14C-labeled VFA to other VFA, COz, and glucose (i.e. proportion of product derived from precursor VFA) were calculated from the following formula: transfer quotient = SAprod (dpm/pmol of c ) / SA,,,, (dpm/pmol of C), where SAPr,,d and SA,,,, are the specific radioactivities of product and precursor, respectively. Data from ruminal 2-14C-acetic acid and 2-14C-propionic acid infusions were used to solve a two-pool model for these two VFA (Armentano and Young, 1983) . Blood flow through the mesentericdrained viscera ( MDV) and portal-drained viscera (PDV) were calculated as described by Katz and Bergman (1969) and PBF are mesenteric and portal blood flow rates (literdhour) and CM, Cp, and CA are metabolite concentrations in mesenteric, portal, and venous blood, respectively. A positive absorption rate indicates apparent release or absorption of a nutrient, whereas a negative absorption rate implies apparent uptake or utilization. Portal glucose utilization rates were calculated separately from the above apparent rates using the isotope extraction ratio method (Bergman et al., 1970) : portal utilization = (SA -Sp)/ SA x (CA x PBF), where SA and Sp are the glucose specific radioactivities of arterial and portal blood, respectively.
Statistics. Statistical analysis of the difference between treatment means for each level of propionic acid was by ANOVA using GLM (Minitab, State College, PA) weighting steer means to take into account the different number of replicate observations for each steer on the three treatments, using the residual sums of squares as the test term. Treatment sums of squares were subdivided into two orthogonal comparisons: Contrast 1, 0 vs (.5 + 1.01, and Contrast 2, .5 vs 1.0, to compare responses to the presence of propionic acid and level of propionic acid, respectively. Calculations of metabolite concentrations and net absorption rates were performed using daily means as previously described . Data for mesenteric and portal blood flows and net absorption rates are for five steers, due to losses of either sampling or infusion catheters during the infusion periods. Tables of results show least squares means with residual degrees of freedom for the error term; parameters were considered unaffected by propionic acid infusion if P > .lo.
Results

Ruminal Fermentation and Metabolism of Volatile Fatty Acids
Intraruminal infusion of propionic acid resulted in a small increase ( P = .01) in total concentration of ruminal VFA (Table 1) . Ruminal acetate concentrations and acetate IL rates were unaffected by infusion of propionic acid. In contrast, there was a 60% increase in propionate concentration in ruminal fluid (15.7 vs 25.0 mM) and apparent propionate IL rate was increased in parallel with additional exogenous propionic acid supply ( P = .087).
Metabolism of acetate and propionate within the rumen was affected by infusion of the VFA. The proportion of propionate carbon derived from acetate was reduced at each level of treatment ( P = .063, P = .112); there was no overall change in the proportion of butyrate carbon derived from acetate, despite a marked decrease between .5 and 1.0 treatments ( P = .029). There was an increase in the proportion of ruminal C02 derived from acetate with increasing propionic acid supply, although this did not attain statistical significance. The proportions of acetate and butyrate carbon and also C02 derived from propionate were all increased in steers receiving propionic acid ( P = .019, P < .001, and P = .011, respectively).
Blood Metabolite Concentrations and Net Nutrient Absorption
Glucose and Lactate. Arterial blood glucose concentrations were increased during intraruminal propionic acid infusion (Table 2 , P = .045). Mesenteric and portal venous glucose concentrations also increased, but these changes were only significant for mesenteric samples at the highest infusion rate ( P = .092). Net glucose absorption rates were consistently negative across MDV and PDV and were unaffected by propionate supply (Table 3 ) . Lactate levels in arterial blood were lower than those observed in blood draining the splanchnic bed, indicating net output of lactate by the MDV and PDV (Table 3) .
Volatile Fatty Acids and 3-OH-Butyrate.
There was a small decrease in acetate concentrations in arterial blood, in contrast to an increase in those determined in the mesenteric vein (Table 21 , resulting in lower net acetate utilization across the MDV in animals receiving propionic acid (Table 3 , P = .024). Portal acetate absorption rates decreased with increasing propionate supply, but this effect did not attain statistical significance ( P = .39). Carotid arterial and mesenteric venous propionate concentrations were very similar and were not affected by infusion of the VFA, whereas propionate concentrations in the portal vein and net absorption rates across the PDV were both increased in steers receiving propionic acid ( (Table 21 , indicating net utilization of this metabolite by the MDV, in contrast to net production across the PDV, which was lower in steers receiving propionic acid ( Table 3 , P = .006).
Insulin. Arterial and portal plasma insulin concentrations were increased at the highest level of propionic acid infusion (Table 2 , P = .005, P = ,052, respectively). Net extraction of insulin across the MDV was consistently observed in all steers but was not affected by propionic acid infusions (Table 3) . Net output of insulin by the PDV was numerically higher during propionic acid infusions, but this did not attain statistical significance ( P = .267).
Blood Glucose Kinetics
Whole-body glucose IL rate was not affected by the infusion of .5 mol of propionic acid/d but was increased when propionate supply was further raised to 1.0 mol/ d (Table 4 , P = .016). Calculated on the basis of the isotope ratio data the proportion of whole-body glucose derived from ruminal propionate averaged .6, and this was not affected by propionate supply within the rumen. Similarly, additional propionic acid did not influence the proportion of ruminal propionate carbon converted to glucose. Increasing ruminal propionate supply did, however, have an effect on glucose utilization by portal drained viscera, which was reduced to a similar extent at both levels of propionic acid infusion (Table 4 , P = .089) and on the proportion of whole-body lactate carbon derived from glucose, which was increased by propionic acid infusion ( P = .088).
Discussion
The objective of the present experiment was to determine the effect of increasing ruminal propionic acid supply on metabolism of glucose and VFA by gastrointestinal tissues and on whole-body glucose Table 2 . Nutrient concentrations (mM) in carotid (C), Mesenteric (M), and portal (P) blood and plasma insulin (ng/mL) of steers fed a dried grass-pellet diet with intraruminal infusion of propionic acid Infusion rate, mol/d Contrast'
Item and site 0 .5 1.0 kinetics. Propionic acid infusion into the rumen was used to manipulate supply of the substrate and at .5 moVd the rate of infusion was calculated to mimic the change in ruminal IL rate measured in steers fed a dried gradflaked maize diet compared with dried grass alone . At the higher rate of infusion (1.0 mol/d) the calculated rate of ruminal propionate IL on a metabolic body weight basis was within the range reported for cattle fed concentratebased feeds (Yost et al., 1977; Herbein et al., 1978; Van Maanen et al., 1978) . The measured increase in propionate IL rate in the rumen following infusion at the highest rate was .94 moWd. This is in good agreement with the rate of additional propionic acid supply by infusion (1.0 mol/d) and suggests that the underlying rate of propionate IL by the rumen microflora had not been affected. Similarly, the measured IL rate of acetate was not affected by propionic acid infusion. There was, however, an increase from 96.2 to 107.1 mM in total ruminal VFA concentration with treatment and as a result of the increase in propionate supply an increase in molar proportion of this acid (16.3 to 23.2%) and a concomitant decrease in that of acetate (from 69.5 to 64.9%).
Data obtained from the infusion of 14C-labeled VFA to study kinetics of both acetate and propionate in the rumen have been combined to derive a two-pool model of exchange between these two metabolites (Armentan0 and Young, 1983; Figure 2) . The model has been calculated using data from the five steers in which infusions of both labeled VFA were carried out and shows that, in contrast to the mean IL data from seven steers shown in Table 1 , there was a statistically significant reduction in the calculated flow into acetate from the outside (Fao) as a result of intraruminal infusion of propionic acid. Exchange between the acetate and propionate pools shows that there was no change in propionate derived from acetate ( F p a ) as a result of treatment but that there was a significant increase ( P = .067) from .41 to .64 moWd in the flow from the propionate pool t o acetate (Fap). Increased metabolism of propionate to acetate would result in a greater contribution of propionate carbon to the rumen C02 pool, in agreement with the change in transfer quotient values shown in Table 1 . 
7.25
2.81 Greater oxidation of propionate as a consequence of additional propionate supply has been reported previously (Veenhuizen et al., 1988) and may reflect oxidation in tissues and recycling of G O 2 back into the rumen in addition to direct oxidation in ruminal fluid.
Fop
3.53
Solution of the two-pool model provides a measure of the dependent variables defined here as the flow out of acetate and propionate to the outside (Foa and Fop, respectively). These derived values represent the net availability of the individual VFA to the animal as a consequence of exchange between the two metabolite pools. In our model, in contrast to Fao, there was no difference in the flow out of acetate as a result of intraruminal infusion, and although there was an increase in flow out of propionate from 2.81 to 3.53 moVd, this was not statistically significant. A full assessment of the effect of exchange of individual acids on the balance of VFA supply requires the integration of data for butyrate IL and metabolism, which were not available in the present experiment.
In the present experiment it was possible to evaluate the measured IL rate of acetate and propionate in the rumen with net uptake of the two VFA into the portal vein. In the case of acetate, mean net absorption into the portal vein (6.64 moles/d) aError means square. bResidual degrees of freedom.
'Contrast 1, 0 vs ( . 5 + 1.0); Contrast 2, .5 vs 1.0.
represented .82 of the measured acetate IL in the rumen. A similar calculation for the propionate data, however, indicates that only .51 and .56 of the measured IL in the rumen appeared in the portal vein on the control and high level of propionic acid infusion, respectively. The acetate:propionate ratio in ruminal fluid fell from 4.26:l in control steers to 2.78:l at the high propionic acid infusion. Corresponding values for portal blood show that this ratio was consistently higher at 6.46:l and 4.15:1, respectively? confirming the differential rates of metabolism for these VFA across the gut wall. Extensive metabolism of VFA during passage across the ruminal epithelium has been reported in a number of in vitro and in vivo studies (for reviews see Bergman, 1990; Seal and Reynolds, 1993) . It is of interest that in the present study increasing the supply of propionic acid had little effect on the proportion of the ruminal production of the acid that appeared in the portal vein, an observation that has also been made in sheep maintained by intragastric infusion (Gross et al., 1990) . Net absorption of 3-OH-butyrate was lower in steers when infused with propionic acid compared with the control period, suggesting a reduction in the metabolism of butyrate during passage across the ruminal wall. There was, however, no change in the rate of uptake of butyrate into portal blood as a result of treatment (.5 mol/d) and no indirect evidence of a change in butyrate production rate in the rumen during propionic acid infusion. In addition to these changes in the utilization of VFA by the ruminal mucosa as a result of propionic acid infusion, it is apparent from the data derived from samples of mesenteric vein blood that the metabolism of poststomach tissues was also influenced by intraruminal propionic acid infusion. Net absorption of acetate by these tissues was negative in the control period, indicating net utilization of this acid by the tissues. During propionic acid infusion net utilization fell from the control value of 1.82 moVd to a mean value of 1.07 moVd, providing evidence for a reduction in the utilization of this substrate for tissue metabolism in the treatment periods. Net utilization of acetate by the post-stomach tissues in ruminants has been demonstrated in other studies (Bergman and Wolff, 1971; Reynolds and Huntington, 1988; , but the influence of a change in propionate supply on this activity has not been reported previously.
In agreement with previous studies and our own work with steers fed a diet of either dried grass or dried grass with flaked maize, the increase in propionate availability in the rumen resulted in an increase in whole-body glucose turnover rate (Bauman et al., 1971; Van Maanen et al., 1978; Veenhuizen et al., 1988) . Elevated plasma glucose levels are associated with an increase in insulin secretion and in this study net insulin output into portal blood was higher during propionic acid infusion. Extraction of insulin by tissues within the MDV has been observed previously (T.E. C. Weekes, personal communication) and may reflect binding of the hormone to mesenteric adipose tissue receptors. Transfer quotient calculations from data obtained during the intraruminal infusion of 14C-labeled propionate indicated that between .54 and .65 of blood glucose carbon was derived from propionate and that this was not affected by propionate supply.
Our data for this relationship are similar t o those reported by Leng et al. (19671, Judson and Leng (1973) , and Veenhuizen et al. (19881, although they were higher than results presented by Bergman et al. (19661, Steel and Leng (1973) , and Armentano and Young ( 19 8 3 ) . Overall published values range from .25 (Armentano and Young, 1983) to .83 (Judson and Leng, 1973) , with no clear indication as to the critical factors that may influence this important variable. By combining the glucose turnover data with the proportion of glucose derived from propionate it is possible t o calculate the flux of propionate carbon to the glucose pool. In the present experiment this relationship indicates that 2.99 moVd (control) and 4.17 moVd (treatment) of propionate were converted to glucose, representing .93 and 1.0 of the measured production rates in the rumen on the control and treatment Figure 3 . Model of glucose and lactate interrelations across the mesenteric-and portal-(in italics) drained viscera (Janes et al., 1985) . R1 and R4 are the rates of blood glucose supplying and leaving the intestinal tissue, respectively; R6 and R9 are the rates of blood L-lactate supplying and leaving the intestinal tissues, respectively; R2 is the rate of glucose metabolized in the intestinal tissues by nonglycolytic pathways, assumed to be zero; R3 is the rate of glucose absorption from the intestinal lumen; R5 is the rate of metabolism of glucose to L-lactate (or compounds in equilibrium with L-lactate) in the intestinal tissues; R7 is the rate of metabolism of the L-lactate (or compounds in equilibrium with L-lactate) in the intestinal tissues; and R8 is the rate of L-lactate absorption from the intestinal lumen. Values (mol/d) are means for five steers fed a dried grass-pellet diet with intraruminal infusions of propionic acid la, 0; b, .5; c, 1.0 mol propionic acid/d). Values in parentheses are error means square. dP = .062 for Contrast 1, 0 vs (.5 + 1.01; eP = .044; fP = .021 for Contrast 2, .5 vs 1.0. periods, respectively. These figures are higher than component of the propionate carbon pool enters the those reported from other studies and indicate that, in gluconeogenic pathway as precursors other than our experiment, all the available carbon from rumen propionate. On the basis of the net lactate output by propionate enters the gluconeogenic pathways. When the tissues of the reticulorumen (portal vein net account is taken of the measured rate of propionate absorption -mesenteric vein net absorption) lactate uptake into the portal vein it is apparent that a major carbon could account for .13 of the shortfall in the control infusion and .22 during intraruminal propionic acid infusion. On the basis of our experimental data it is not possible to resolve this discrepancy; the glucose IL rates are in agreement with previous values and although ruminal propionate IL measurements are sensitive to achieving steady state kinetics, rates obtained in this study are similar to theoretical production rates calculated from VFA stoichiometry. In addition, the rate determined during intraruminal infusion of propionic acid showed an incremental increase over the control that was equivalent t o the measured addition of the acid to the rumen. It is apparent from our own and other studies that manipulation of the supply of nutrients to the serosal surface of the intestinal mucosa has a profound effect on the metabolic activity of the tissue and influences the pattern of metabolites available to the liver and non-splanchnic tissues. Data from the change in specific activity of glucose across the gut as measured in the carotid artery and portal vein together with changes in blood concentration can be used to determine glucose utilization rate by portal tissues (Bergman et al., 1970) . The results of this calculation show that in the control period portal tissues utilized .77 moVd of glucose (.28 of glucose turnover rate) and that this was reduced during the periods when propionic acid was infused into the rumen (.32 and .36 moVd, .ll of glucose turnover rate). These data, and similar observations for sheep (Huntington et al., 1980; Balcells et al., 1992; Piccioli Cappelli et al., 1993) , underline the importance of glucose as an energy substrate for gut tissues in the ruminant. Changes in net glucose uptake across the gut of steers and sheep fed forage and forage-concentrate combinations have been reported in a number of studies with catheterized animals and the results linked to changes in glucose uptake from the gut and alterations in glucose metabolism by the tissues (Parker, 1990) . In the present study, however, in which there was no change in starch intake or flow to the small intestine, the isotope data clearly indicate that despite an apparent net increase in glucose utilization by the tissues less glucose was being metabolized by the gut and the proportion of glucose turnover available for other tissues was increased.
Glucose
The combination of blood glucose and lactate concentration data and changes in specific radioactivity across both the post-stomach (mesenteric vein samples) and entire intestine (portal vein samples) can be used to develop a model of glucose and lactate metabolism by the MDV and PDV (Janes et al., 1985) . The results of these calculations are shown in Figure 3 . The model assumes that venous specific activity was equal to intracellular specific activity and that all glucose was metabolized through lactate or through pathways in equilibrium with that of lactate. Steady state conditions are also required to solve the equations used in the derivation of the model. Data from the model indicate that the rate of glucose entering ( R 1 ) and leaving (R2 the mesenteric-and portal-drained viscera was unaffected by the treatment despite the fact that glucose utilization by the tissue was reduced (see above). The rate of metabolism of glucose to lactate ( R 5 ) was lower in both tissue sites investigated following propionic acid infusion, and in order to balance the model this results in an apparent reduction in the rate of glucose absorption from the gut lumen ( R 3 ) as the rate of glucose utilization by non-glycolytic pathways (R2 was set to zero. In our experiment, in which steers were fed a diet of pelleted dried grass, it is unlikely that glucose was available for absorption in the small intestine and intraruminal infusion of propionic acid would not have been anticipated to alter this. It is, however, possible that non-glycolytic pathways of glucose utilization in mucosal tissues, such as synthesis of mucopolysaccharides or for the provision of ribose units for nucleotide synthesis, were increased as a result of treatment, and this would not be accounted for in the current model. The data derived from the model for lactate metabolism across the gut tissues show that whereas there was a net increase in lactate appearance across both the MDV and PDV, there was no effect of propionic acid infusion on this parameter (R6 and R9). The rate of lactate metabolism by MDV showed a numerical decline with propionic acid infusion, but this effect was not apparent in the data for PDV. Lactate absorption from the gut ( R 8 ) was significantly higher ( P = .023) for the MDV in the control period compared with the treatment period, whereas the data for absorption from the rumen into the portal blood showed a significant increase at the highest propionic acid infusion ( P = .044). Although the proportion of wholebody lactate carbon derived from glucose was increased during propionic acid infusion from .36 to .42 (Table 4 , P = .OB81 the proportion of lactate produced by the gut tissues derived from glucose was not affected by supply of the VFA (R5/R5 + R8, average .31, P = .932 for PDV).
Implications
Studies of this type that combine the use of radioisotope methodology with chronically catheterized animals provide an opportunity to study the dynamics of the relationship between nutrient availability in digesta, gut tissue metabolism, and absorption of metabolites into portal blood. Our data provide further evidence for the extent t o which volatile fatty acids are metabolized in the ruminal wall and that volatile fatty acids are absorbed in constant proportion to corresponding ruminal irreversible loss rates. Acetate utilization by mesenteric-drained viscera, butyrate metabolism to 3-OH-butyrate, and glucose utilization by the tissues of the portal-drained viscera can all be manipulated by changing the pattern of volatile fatty acid availability in the rumen. Sparing of energy-yielding substrates in this way would be a mechanism for increasing the supply of key metabolites to productive tissues such as muscle and the mammary gland.
